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Cold-adaptationDEAD-box proteins are RNA-dependent ATPases that are widespread in all three kingdoms of life. They are
thought to rearrange the structures of RNA or ribonucleoprotein complexes but their exact mechanism of
action is rarely known. Whereas in yeast most DEAD-box proteins are essential, no example of an essential
bacterial DEAD-box protein has been reported so far; at most, their absence results in cold-sensitive growth.
Moreover, whereas yeast DEAD-box proteins are implicated in virtually all reactions involving RNA, in E. coli
(the bacteriumwhere DEAD-box proteins have beenmostly studied) their role is limited to ribosome biogenesis,
mRNA degradation, and possibly translation initiation. Plausible reasons for these differences are discussed here.
In spite of their dispensability, E. coli DEAD-box proteins are valuable models for the mechanism of action of
DEAD-box proteins in general because the reactions in which they participate can be reproduced in vitro.
Here we review our present understanding of this mechanism of action. Using selected examples for which
information is available: (i) we describe how, by interacting directly with a particular RNA motif or by bind-
ing to proteins that themselves recognize such a motif, DEAD-box proteins are brought to their speciﬁc RNA
substrate(s); (ii) we discuss the nature of the structural transitions that DEAD-box proteins induce on their
substrates; and (iii) we analyze the reasons why these proteins are mostly important at low temperatures.
This article is part of a Special Issue entitled: The Biology of RNA helicases—Modulation for life.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
DEAD-box proteins are ubiquitous enzymes that use ATP to
rearrange RNA and RNA–protein structures. They consist of a helicase
core containing 12 conserved motifs involved in ATP binding, RNA
binding, and ATP hydrolysis [1]. They all possess an ATPase activity
that is stimulated by RNA, giving rise to a broad range of biochemical
effects in vitro. Thus, they can often unwind short RNA duplexes.
This property, together with their structural similarity to well char-
acterized DNA helicases, have led to their common designation as
“RNA helicases.” However, they also can displace RNA-bound proteins,
accelerate RNA strand annealing or RNA folding and act as RNA clamps
to form stable ribonucleoprotein (RNP) complexes [1]. SomeDEAD-box
proteins are directed to speciﬁc RNA targets, whereas others function
more broadly as general chaperones [2–4]. Despite recent progress iny of RNA helicases—Modulation
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Y-NC-ND license.understanding the structural and biochemical properties of DEAD-box
proteins, much remains to be learned regarding their function in vivo.
In particular, the precise substrates and sites of action remain unknown
for most of them.
In eukaryotes, DEAD-box proteins play important roles in nearly
all biological processes involving RNA [5]. In contrast, their role in
bacteria is narrower, and they are mostly restricted to mRNA decay
and ribosome biogenesis [6]. This difference may be explained by the
higher complexity of the eukaryotic cell, both in terms of organization
and gene expression. Thus, processes such as pre-mRNA splicing and
mRNA export, which involve RNA helicases, are rare or absent in
prokaryotic cells. Even conserved processes that require helicases in
both systems, e.g., ribosome biogenesis, are considerablymore complex
in eukaryotes (see Section 2). Consistently, eukaryotes possess a large
number of DEAD-box proteins (25 in the yeast Saccharomyces cerevisiae
[7]), and most of them are essential for viability. In contrast, bacterial
genomes encode fewer DEAD-box proteins (from 0 to 12 [8]) that
are unessential in most known cases except under certain conditions,
e.g., at low temperatures.
In bacteria, DEAD-box proteins have been mostly studied in
Escherichia coli [6]. This organism possesses ﬁve such proteins, in
which the helicase core is ﬂankedwith C-terminal extensions of various
lengths. E. coli is a good model to study the functions of DEAD-box
867I. Iost et al. / Biochimica et Biophysica Acta 1829 (2013) 866–877proteins because the reactions in which they participate, i.e., ribosome
assembly [9] and mRNA degradation [10,11], can be reconstituted
in vitro. In this article, which updates our 2006 review [6], we discuss
the possible functions of the DEAD-box proteins from E. coli and, when
information is available, from other bacteria. We end by discussing
the reasons for their particular importance at low temperatures.
2. Bacterial DEAD-box RNA helicases in ribosome assembly
The E. coli ribosome is a large ribonucleoprotein machine composed
of two subunits, a large 50S subunit that contains two RNAs (23S and
5S) and 33 proteins (L1–L36), and a small 30S subunit that contains
one RNA (16S) and 21 proteins (S1–S21). The ribosomal RNA (rRNA)
is synthesized as a large precursor that undergoes cleavages by endo-
and exoribonucleases [12], and it binds ribosomal proteins (r-proteins)
concomitantlywith its synthesis and processing. Although the structure
of the mature ribosomal subunits has been solved with atomic resolu-
tion [13], relatively little is known about how the bacterial ribosome
assembles. Much of our knowledge rests on in vitro reconstitution
experiments. Indeed, decades ago, functional E. coli subunits were
reconstituted from isolated rRNA and r-proteins [14,15]. These pi-
oneering studies revealed a hierarchical and cooperative incorporation
of r-proteins into nascent subunits. However, whereas in vivo ribosome
assembly takes only minutes at 37 °C [16], in vitro reconstitution re-
quires much longer times, higher temperatures and non-physiological
ionic conditions [9]; this suggests the existence of non-ribosomal fac-
tors that assist assembly in vivo. It is only in the past decade that these
factors, notably GTPases, RNA helicases, and protein chaperones, were
identiﬁed [17–19]. Still, their number remains much smaller than the
ca 200 non-ribosomal factors that participate in ribosome synthesis in
the yeast S. cerevisiae [20,21]. The greater complexity of this process in
eukaryotes – it involves steps that have no equivalent in bacteria,
e.g., pre-ribosomes transport or snoRNA release – presumably explains
this difference. In particular, in yeast, as many as 15 DEAD-box proteins
(out of a total of 25) are involved in ribosome biogenesis, where they
play essential, nonequivalent roles ([22]; Rodriguez-Galan et al., this
issue). However, these roles remain largely undeﬁned at the molecular
level. In contrast, in E. coli only four DEAD-box proteins have been
involved in ribosome biogenesis and their roles are generally unessen-
tial, except for two of them that become essential at low temperature.
Yet, we can surmise what their roles are in assembly. These roles are
discussed below.
2.1. SrmB: a role at an early stage of 50S subunit assembly
To identify potential factors that assist ribosome assembly in vivo,
Nishi et al. started from a mutant defective in assembly and searched
for suppressors. This strategy led to the isolation of the srmB gene as
a multicopy suppressor of a temperature-sensitive mutation in the
r-protein L24 [23]. The srmB gene was one of the eight genes on
which the DEAD-box family was initially established [24]. Consistent
with the genetic link between SrmB and L24, our laboratory later
showed that SrmB is involved in the assembly of the 50S subunit:
the deletion of the srmB gene leads to a severe deﬁcit of free 50S
subunits and to the accumulation of an incompletely assembled par-
ticle sedimenting around 40S [25]. This assembly defect, which is
clearly observed at 37 °C [26], is worse at lower temperatures [25].
Consistently, the ΔsrmB strain exhibits cold-sensitive growth, and in
wild-type cells SrmB is overexpressed in the cold. Among those
r-proteins that are absent from the ΔsrmB 40S particle, L13 notably
stands out as one of the ﬁve r-proteins that are essential for the early
assembly step in vitro [27]. These results suggested that SrmB plays
an early role during 50S subunit assembly (Fig. 1). Moreover, this
role is likely to be direct since SrmB associates with 50S precursors in
wild-type cells [25]. Consistently, SrmBwas later shown to form a com-
plex with r-proteins L4, L24 and with a region near the 5′ end of 23SrRNA that binds these proteins [28]. Like L13, L4 and L24 are among
the ﬁve early binders in vitro; L24 is even the protein that initiates
assembly [9]. Thus, SrmB is probably recruited to the nascent 23S
rRNA soon after the onset of its synthesis. Surprisingly, it seems that
its sites of action on the rRNA are located far away from its tethering
site on the primary sequence. Indeed, a search of rRNA mutations that
bypass the requirement for SrmB identiﬁed two nearby sites located
in domain II of 23S rRNA, i.e., far downstream from the L4–L24 binding
site, and one site in 5S rRNA [29]. Presumably, these sites are SrmB tar-
gets. The 23S sites participate in two structural motifs (the 1024G-ribo
wrench and the helix 42) that contact the r-proteins L13 and L25, re-
spectively, whereas the 5S site is complementary to the two 23S sites.
Since L13 and L25 were absent or under-represented in the ΔsrmB
40S particle [25], we proposed that SrmB facilitates the correct folding
of these structural motifs and/or prevents their spurious annealing
with 5S rRNA and thereby allows the binding of L13 and L25 (see
Section 5.2.1 and [30]). Interestingly, C. Jain and coll. recently identiﬁed
chromosomal mutations in the 5′ UTR of the L13 gene that suppress
the ΔsrmB growth defect (personal communication). An attractive but
unproven hypothesis is that the mutations lead to an overexpression
of L13, which forces its incorporation into the nascent 50S subunit
even in the absence of SrmB. Consistent with this hypothesis, we have
observed that the overexpression of L13 from a plasmid partially cor-
rects the ΔsrmB ribosome defect (I. I., unpublished results). Owing to
the large size of the 23S rRNA molecule and the many conformational
changes that must occur during assembly (see for example [31]), it is
plausible that SrmB assists the folding of still other rRNA structures.
The CRAC approach (crosslinking and cDNA analysis [32]) may help
identify these hypothetical targets.
How does SrmB favor the correct folding of its rRNA targets? Strik-
ingly, the ATPase activity of SrmB is not crucial for its function (see
[29]). We therefore proposed that SrmB acts in vivo as an ATPase-
independent RNA chaperone: it would accelerate structural intercon-
versions around its target sites on 23S rRNA and thereby prevent their
kinetic trapping into misfolded conformations [29]. Indeed, SrmB has
a proven RNA chaperone activity in vitro, both in the presence or
absence of ATP [33,34]. Alternatively, SrmB may act as an immobile
clamp that stabilizes the correctly folded structure until it is ﬁxed
by the binding of r-proteins. In this respect, it would resemble the
exon-junction complex protein eIF4AIII [35], which also remains
functional when its ATPase activity is abolished [36]. In both models,
ATP hydrolysis would serve to release the SrmB grip on the rRNA
and dissociate it from the ribosome. Compared with the wild-type
protein, an SrmB mutant lacking ATPase activity is therefore predicted
to associate with 50S precursors for a longer time, and it may even be
present in the mature ribosome. This prediction remains to be tested.
2.2. DbpA and DeaD: roles at later stages of 50S subunit assembly
2.2.1. DbpA
DbpA has been mostly studied in vitro, and its role in ribosome
biogenesis was ﬁrst inferred from its enzymatic activities. Indeed, its
ATPase and RNA helicase activities are speciﬁcally stimulated by a
short sequence from 23S rRNA, hairpin 92, that lies at the peptidyl
transferase center (PTC) of the ribosome [37–39]. To date, DbpA and
its Bacillus subtilis homologue YxiN are the only DEAD-box proteins
exhibiting such stringent RNA speciﬁcity. The C-terminal region of the
protein, which is phylogenetically conserved [8], binds tightly and spe-
ciﬁcally to hairpin 92, and this domain in isolation is sufﬁcient for this
speciﬁcity [40]. In contrast, the catalytic core binds RNA weakly and
non-speciﬁcally [41] as for other DEAD-box proteins. The C-terminal
region of YxiN adopts an RNA recognitionmotif (RRM) fold that recog-
nizes a short rRNA encompassing hairpin 92 in a non-canonical manner
[42,43]. This binding would position DbpA in the PTC cleft of the 50S
subunit, allowing its catalytic core to rearrange nearby rRNA structures.
However, the nature of these rearrangements is unknown. Surprisingly,
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has no effect on cell growth or on the ribosome proﬁles [6,44–46].
Nevertheless, the Uhlenbeck group recently observed a phenotype asso-
ciatedwith the loss of DbpA function. Indeed, amutation in the conserved
motif VI (R331A), which severely impaired the ATPase and helicase ac-
tivities of DbpA, conferred a dominant slow growth and cold-sensitive
phenotype when overexpressed in a wild-type background [46]. Ribo-
some proﬁles from cells overexpressing DbpA R331A exhibited a deﬁcit
in 50S subunits and an accumulation of a 45S particle containing
reduced levels of several r-proteins [45]. Whether these 45S particles,
which were only observed under stringent salt conditions (1 mM
Mg2+), are able to form active ribosomes is not known. The missing
proteins correspond to late binders in the assembly map of Nierhaus
and colleagues [9], which supports a role of DbpA at a late stage of
50S assembly. Moreover, several of the missing r-proteins bind near
the PTC where DbpA also binds; this suggests that DbpA mediates a
conformational change that allows their binding at this site. To explain
the paradoxical difference in phenotypes of the ΔdbpA and R331A
mutant strains, the authors propose the followingmodel. In the absence
of dbpA, assembly would proceed through a pathwaywhere the confor-
mational changes normally stimulated by DbpA are not limiting.
When the inactive mutant DbpA is overexpressed, it competes with
the endogenous active protein and saturates its binding site, thereby
driving assembly through a DbpA-dependent pathway. Its inability to
catalyze a critical rRNA conformational change would then inhibit 50S
assembly [45].
2.2.2. DeaD
The deaD gene was originally isolated as a multicopy suppressor
of mutations in the gene rpsB encoding the r-protein S2 [47]. It was
subsequently re-named csdA (cold-shock DEAD box protein A) be-
cause its expression increases at low temperatures, particularly after
a cold-shock [48]. Conversely its absence yields a severe growth de-
fect at low temperatures [26,48–51]. Because csdA also designates the
E. coli gene encoding cysteine sulﬁnate desulﬁnase, the original namep23S+p5S
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Fig. 1. The interplay of SrmB, DeaD, and RhlE during assembly of the E. coli 50S ribosomal sub
Curved arrows pinpoint the putative steps where SrmB, DeaD and RhlE bind or leave. The
termediate (p1) because the absence of SrmB or DeaD impairs the incorporation of r-protei
DeaD on this scheme because L13 binds before L25 in 50S reconstitution assays [9]. The step
their positions in sedimentation proﬁles. “P” stands for polysomes. (Middle) In the absence
that differs from p1–p3 accumulates (40SΔd) [49]. The 40SΔd slowly matures into function
sume that it restores the normal pathway (red arrow). (Bottom) In the absence of SrmB, th
differs from both p1–p3 and 40SΔd accumulates (40SΔs). We assume that, like 40SΔd, 40S
presumably failed an early assembly step, but this failure occurred earlier with 40SΔs (see
favor a late maturation of the 40SΔs particles (red arrow) before the failed early step has
longer evolve into a functional 50S. In the case of DeaD, we assume that this particle se
DeaD impairs growth and in the meantime eliminates the 40SΔs particle ([49] and I.I., unpdeaD is preferred here. Consistent with its suppressor effect on S2 mu-
tations, itwas subsequently reported thatDeaDoverexpression restores
the incorporation of S2 (and S1) into the ribosome of cells carrying
a thermosensitive rpsB mutation [52]; this suggests a role in the 30S
subunit biogenesis. However, two studies later showed that when
expressed at a physiological level, DeaD is involved in the assembly of
the large, rather than small, ribosomal subunit [44,49]. Indeed, the
deletion of deaD leads to a severe deﬁcit of free 50S subunits and
accumulation of 40S particles corresponding to incompletely assem-
bled large subunits (Fig. 1), while 30S assemblywas apparently normal.
Whereas this defect is more pronounced at low temperatures (20 °C),
it is also clearly observed at 37 °C during early exponential growth
phase [44,49]. Moreover, at low temperatures, DeaD co-sediments with
pre-50S ribosomal particles from wild-type cells and with 40S particles
from ΔsrmB cells, suggesting that its role in assembly is direct [49].
In contrast to the ΔsrmB 40S particle, none of the ﬁve r-proteins that
are essential for the early assembly step in vitro were missing in the
ΔdeaD 40S particle, suggesting that DeaD acts later than SrmB during
assembly. The Remme group showed that the ΔdeaD 40S particles are
not functional, but that they can be slowly matured into 50S subunits,
and therefore they are true 50S precursors rather than dead-end parti-
cles [44]. Remarkably, most of the free ΔdeaD 50S subunits were func-
tionally inactive in a peptidyltransferase assay [44], which revealed an
unsuspected participation of DeaD in a very late step of 50Smaturation.
Altogether, these results showed that both thematuration of 40S to 50S
and the ﬁnal maturation of 50S into functional subunits occur slowly
in ΔdeaD cells, which may explain the severe growth defect of these
cells (see Section 4.3).
As noted above, DeaD probably plays no role in the assembly of
the genuine 30S subunit. However, Kitahara et al. recently constructed
a circularly permuted form of the 16S rRNAs in which the original
termini were genetically connected and new terminiwere created else-
where. This circularly permuted rRNA still permitted the assembly of
30S subunits, but assembly was somewhat facilitated by the presence
of DeaD [53]. Together with the suppressor effect of DeaD on rpsBp3
50S
70S P
eaD
 proteins
p3
50S
70S P
p*
DeaD
proteins
p3
(50S)
50S
70S P
eins
SrmB RhlEDeaD
unit. (Top) Diagram showing the in vivo assembly intermediates in wild-type cells [19].
binding steps of SrmB and DeaD must precede the formation of the ﬁrst detectable in-
ns L13 (ΔsrmB) or L25 (ΔdeaD) that are normally present in p1. We place SrmB before
s where the DEAD-box proteins leave the ribosome (dashed arrows) are inferred from
of DeaD, the normal pathway is slowed or blocked (dashed arrows) and a new particle
al 50S [44]. Because the overexpression of RhlE corrects the growth defect [54], we as-
e normal pathway also is slowed or blocked (dashed arrows) and a new particle that
Δs matures slowly into functional 50S subunits (dashes). Both 40SΔs and 40SΔd have
top panel). Both DeaD and RhlE can bind to 40SΔs [49,55], and we propose that they
been completed. This untimely maturation yields a dead-end particle (p*) that can no
diments around 50S, which explains a paradoxical result, i.e., that overexpression of
ublished).
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assembly under suboptimal conditions. Now, is this role direct? While
most DeaD molecules in the cell associate with precursors of the 50S
ribosomal subunits (see above), there is a small fraction that co-
sediments with 30S subunits [49]. This co-sedimentation could reﬂect
an interaction with 30S subunits or the participation of DeaD into a
complex (the cold-shock degradosome? See 3.2.1) that adventitiously
sediments at 30S.Were the ﬁrst hypothesis correct, it would strengthen
the case for a direct role of DeaD in 30S assembly under suboptimal
conditions.
Besides its role in ribosome assembly, DeaD probably also partici-
pates in mRNA degradation and translation (see Sections 3 and 4).
2.3. RhlE: also a player in 50S subunit assembly?
To date, no clear function has been attributed to RhlE. The growth of
wild-type cells is not affected by the removal of rhlE at either 37 °C or
25 °C [6,54]. In contrast, the cold-sensitive growth defect of ΔdeaD cells
is aggravated by the removal of rhlE [54] and alleviated by its
overexpression [6,50,54]. In ΔsrmB cells, the effects are opposite: the
cold sensitivity is partially corrected by the removal of rhlE and exacerbat-
ed by its overexpression [54]. In all cases examined, the variations in cold
sensitivity correlatedwith the severity of the defects in ribosome proﬁles.
Thus, in ΔdeaD cells, the abundance of the 40S particle increased when
rhlE was removed [54] and decreased when it was overexpressed (J.
Charollais and I.I., unpublished). Conversely, in ΔsrmB cells, the abun-
dance of the 40S species decreased when rhlEwas removed [54]; the ef-
fect of rhlE overexpression has not been reported. All these results
support a role of RhlE in the assembly of the 50S subunit. Presumably,
this role is direct: RhlE co-sediments mainly with 70S ribosomes in
wild-type cells and with 30S, 40S and 50S particles in ΔdeaD cells [54].
It is also detected in the 40S particle from ΔsrmB cells [55].
What can be the function of RhlE in 50S assembly? C. Jain elabo-
rated a model in which RhlE is involved at an early stage: it would
promote the interconversion of two different pre-23S rRNA confor-
mations, whichwould subsequently progress through two independent
assembly pathways requiring either DeaD or SrmB. The overexpression
of RhlE would shift the equilibrium towards the pre-23S rRNA confor-
mation that requires SrmB, which would explain why the effect of re-
moving srmB becomes more severe whereas the effect of removing
deaD is milder. Conversely, the absence of rhlEwould have the opposite
effect and favor the DeaD-mediated pathway. This model gives RhlE a
pivotal role in assembly, which is hidden in wild-type cells because
both the SrmB- and DeaD-mediated assembly pathways are active.
Alternatively, we can propose another model based on two facts,
i.e., (i) SrmB acts earlier than DeaD during 50S assembly, and (ii) the
level of RhlE modulates the growth and ribosome defects of ΔdeaD
cells but has no effect on wild-type cells. According to this model
(Fig. 1), DeaD and RhlE would play similar roles in 50S assembly, but
RhlE would be genuinely less efﬁcient and/or less abundant than
DeaD so that its level of expression is inconsequential unless DeaD is ab-
sent. As concerns ΔsrmB cells, it is noteworthy that the overexpression
of deaD impairs the growth of ΔsrmB cells (I.I., unpublished), as does
rhlE overexpression; however, paradoxically, it also eliminates the
ΔsrmB 40S particle so that the ribosome proﬁle appears normalized
[49]. We surmise that deaD overexpression favors the maturation of
ΔsrmB 40S particles into 50S-like particles (p* in Fig. 1) that retain an
early assembly defect and are therefore non-functional. This would ex-
plain the severity of the growth phenotype. By analogy, we assume
that the overexpression of RhlE also converts the ΔsrmB 40S particle
into a dead-end particle, also called p* for simplicity (Fig. 1).
2.4. DEAD-box RNA helicases and ribosome biogenesis in other bacteria
Orthologs of the DEAD-box proteins that are involved in ribosome
assembly in E. colihave been identiﬁed inmany orders of proteobacteria[6], but their role in assembly has yet to be documented. Moreover,
in distant phyla, DEAD-box proteins that bear no special resemblance
to SrmB, DbpA, DeaD or RhlE may participate in ribosome biogenesis,
with likely examples being protein Lmo1722 from Listeriamonocytogenes
[56] and three DEAD-box proteins from B. subtilis [57]. However, the
function may be conserved even if the sequence is not. Chloroplasts
are ancient cyanobacterial endosymbionts whose ribosomes retain pro-
nounced prokaryotic-like characteristics [58,59]. Interestingly, RH22, a
DEAD-box protein from Arabidopis thaliana chloroplasts, shares func-
tional resemblance with SrmB even though the two proteins show
little homology beyond the DEAD-box conserved motifs. Precursors
of chloroplast 23S rRNA accumulate in rh22mutants, and the protein
has been found associated with the 50S precursors. Most interestingly,
RH22 interacts with r-protein RPL24, the chloroplast equivalent of L24
[60]. It will be interesting to determine whether the chloroplasts
from the rh22 mutant exhibits a 50S assembly defect similar to that of
ΔsrmB E. coli cells.
2.5. Conclusion
As apparent from the discussion in the preceding paragraphs, the
precise role of DEAD-box proteins in 50S assembly remains poorly
understood in spite of recent progress. Presumably, future advances
will come from new techniques. For instance, a recently developed
pulse-chase/quantitative mass spectrometry method has provided
important clues about the roles of assembly factors in the in vitro
assembly of the 30S subunit [61]. It may be applicable to the 50S
subunit as well.
3. Bacterial DEAD-box helicases in RNA processing, decay and
translation
The processing and decay of RNA are largely mediated by ribonu-
cleases that are speciﬁc for single-stranded RNA, and therefore they
require the partial or complete breakdown of the secondary and
tertiary structures of the RNA. It is therefore not surprising that,
soon after their discovery [24], DEAD-box proteins were suspected
of participating in these processes [62,63]. Subsequent biochemical
work has shown that eukaryotes [64], organelles [65] and eubacteria
[66,67] all possess multienzyme machines that associate DEAD-box
helicases with exo- and/or endoribonucleases. This is the case for
E. coli, where the “RNA degradosome” has been extensively studied
(for comprehensive recent reviews, see [68,69]), and presumably
also for many other bacteria (see Section 3.1.3). Of the ﬁve E. coli
DEAD-box proteins, one (RhlB) is unambiguously associated with
RNA processing and decay as a core component of the degradosome,
and three other proteins (DeaD, SrmB, RhlE) may also participate
in RNA catabolism – with various degrees of plausibility – in addi-
tion to their proven or probable roles in ribosome assembly (see
Section 2).
Here, we review the role of bacterial DEAD-box proteins in RNA
processing and decay. Arguments in favor of this participation are
summarized in Table 1 and critically discussed below. E. coli has
been studied far more than any other prokaryote in this respect,
and most of our discussion will focus on this organism.
3.1. RhlB and the degradosome
RNase E is the scaffold of the degradosome. This essential E. coli
endonuclease consists of two segments, i.e., an N-terminal half
that carries the catalytic activity and a poorly conserved, natively
unstructured C-terminal half (CTH) that binds other degradosomal
proteins (Fig. 2). Besides RNase E itself, the core degradosome, as iso-
lated from cells grown at 37 °C, consists of the RNA helicase RhlB, the
3′→5′ phosphorolytic exonuclease polynucleotide phosphorylase
(PNPase), and the glycolytic enzyme enolase. While the role of
Table 1
E. coli DEAD-box proteins in RNA processing and decay.
DEAD-box
protein
Main arguments for implication in RNA
catabolism
Representative
references
RhlB Core constituent of the RNA degradosome [66,67]
Assistance to PNPase activity in vivo [70]
Assistance to RNase E activity in vivo [72]
DeaD Constituent of the “Cold-shock degradosome” [81]
Binding to RNase E CTH in vitro. [78]
Assistance to PNPase in a reconstituted
degradosome in vitro
[81]
Binding to PAP I in vitro [91]
Stabilization of certain mRNAs in ΔdeaD cells
in the cold
[50,81] see
Fig. 3
Stabilization of certain mRNAs when DeaD is
ectopically overexpressed at 37°C
[63]
Suppression of RNase E essentiality by the
ΔdeaD allele
[102]
SrmB Co-puriﬁcation with PAP I in cell extracts. [97]
Binding to RNase E CTH in vitro. [78]
Binding to PAP I in vitro [91]
Stabilization of certain mRNAs when SrmB is
ectopically overexpressed at 37°C
[63]
RhlE Binding to RNase E CTH in vitro. [78]
Binding to PAP I in vitro [91]
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degradosome in vitro.
[78]
An RhlE ortholog participates in the
degradosome of Pseudomonas syringae
[85]
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PNPase is thought to facilitate the exonucleolytic degradation of RNA
fragments generated by RNase E. In addition, depending upon the con-
ditions used, a variety of other proteins associate with the
degradosome, often in sub-stoichiometric amounts (reviewed in [69]).
In particular, besides RhlB, other RNA helicases may also participate,
which illustrates the amazing ﬂexibility of this molecular machine
(see below).
3.1.1. Role of RhlB in mRNA decay
Early in vitro work has suggested that the helicase activity of RhlB
facilitates the PNPase-mediated degradation of RNA fragments car-
rying very stable structures, such as the Repeated Extragenic Palin-
dromes (REP) [67]. However, subsequent studies showed that in vivo
REP-carrying fragments can also be efﬁciently degraded through an
alternative exonucleolytic pathway involving polyadenylation of their
3′ extremity by poly(A) polymerase I (PAP I) [70,71]. Only when the
PAP I-assisted pathway is inactivated does RhlB become essential to
the degradation of REP sequences [70]. Besides PNPase, RhlB also has
been found to assist the activity of RNase E itself in speciﬁc cases.
More precisely, the ATPase and helicase activities of RhlB are required
for the endonucleolytic cleavage of certain ribosome-free RNA stretches,
such as the lacZmRNA produced by T7 RNA polymerase (this mRNA is
subsequently called the “PT7-lacZ” mRNA) [72]. In contrast to the E. coli
RNA polymerase [73], the very fast T7 enzyme outpaces ribosomes,
and thereby it leaves ribosome-free RNA behind itself [74]. Things are
presumably quite simple: RNase E, like PNPase, is a single-strand-
speciﬁc enzyme, and in the absence of ribosomes (which themselves
are powerful helicases) the activity of RhlB is required to prevent the
collapse of RNase E cleavage sites into inaccessible double-stranded
structures [72].
In spite of these clear examples, the global importance of RhlB for
mRNA decay appears limited. The rhlB gene is not essential and its de-
letion stabilizes bulk mRNA by less than 10% [75]. Nevertheless, sen-
sitive competition experiments have shown that the deletion of the
CTH sub-region that encompasses the RhlB binding site causes a de-
crease in growth rate by a few percent at 37 °C [76]. Thus, the presenceof RhlB within the degradosome presumably participates in the ﬁtness
of E. coli cells.
3.1.2. The “taming” of RhlB by RNase E
Not only does RhlB stimulate the activity of RNase E and PNPase in
some cases, the reverse is also true and RNase E stimulates RhlB. With
very few exceptions (see Section 2.2.1), DEAD-box proteins lack RNA
speciﬁcity, and it is their association with speciﬁc partners that brings
them to their biologically-relevant RNA substrates in vivo ([2] and see
the example of SrmB; Section 2.1). This holds true in particular for
RhlB, which is brought to its mRNA substrates through its association
with RNase E. However, in addition, RhlB is normally switched off and
is only activated in the presence of its partner. This behavior is unique
among DEAD-box proteins from E. coli, although not among proteins
from other sources (e.g., the yeast protein Dbp5; [1,77]). More pre-
cisely, the CTH region that encompasses residues 694 to 790, which
according to Far Western analysis contains the binding site of RhlB
(Fig. 2), is sufﬁcient to stimulate its RNA-dependent ATPase activity
[78]. In contrast, full activation of the helicase activity requires a lon-
ger CTH fragment (628–843), presumably because the RNA binding
domain (RBD) and the Arginine-Rich Region 2 (AR2) that ﬂank the
RhlB binding site somehow assist the unwinding process [79]. Unfor-
tunately, in the absence of structural information, the basis for the ac-
tivation of RhlB by RNase E remains elusive [80]. It is noteworthy that
even in the presence of RNase E, RhlB is a weaker RNA-dependent
ATPase than DeaD, SrmB or RhlE [80,81]. Plausibly, RhlB is also less efﬁ-
cient than these proteins as a helicase, but this point awaits veriﬁcation
since the ATPase and helicase activities do not always correlate [82].
3.1.3. Helicases and degradosomes in other bacteria
Close homologs of RhlB are limited to certain orders of γ-
proteobacteria [6,8]. As for RNase E, its distribution over the bacterial phy-
logenetic tree is broader, although not universal, and only the N-terminal
catalytic domain is conserved [83]. Pseudoalteromonas haloplanktis is a
cold-adapted γ-proteobacterium (order: Alteromonadales) that is dis-
tantly related to E. coli, but it still possesses close homologs of both
RhlB and RNase E. Although its CTH has considerably diverged from
that of E. coli, the RhlB binding site is conserved aswell as its association
with RhlB [84]. The more distant γ-proteobacterium Pseudomonas
syringae (order: Pseudomonadales) encodes ﬁve DEAD-box proteins,
and none of these proteins bear a striking resemblance to the E. coli
RhlB; yet P. syringae RNase E still associates with a DEAD-box protein
that turns out to be a close homolog of RhlE [85]. In the even more dis-
tant organisms Rhodobacter capsulatus and Caulobacter crescentus
(α-proteobacteria), RNase E is found associatedwith one (C. crescentus)
or two (R. capsulatus) DEAD-box proteins that bear no special resem-
blance to any of the E. coli DEAD-box proteins [86,87]. Finally, the
ε-proteobacterium Helicobacter pylori and the ﬁrmicutes B. subtilis or
Staphylococcus aureus possess no RNase E homologs. However, the es-
sential 5′→3′ exonuclease RNase J (H. pylori), the endonuclease RNase
Y (B. subtilis), or the endonucleases RNase Y and RNase P (S. aureus)
have all been found to interact with DEAD-box proteins [88–90] (in
the case of B. subtilis or S. aureus, the complexes have not been isolated).
In vitro, the association of H. pylori RNase J with a DEAD-box protein
helps RNase J to pass through double-stranded RNA regions in much
of the same way that RhlB helps PNPase to digest REP sequences [88].
Altogether, although homology to E. coliRhlB andRNase E CTH is rapidly
lost with evolutionary distance, the association of DEAD-box helicases
with endo- or exonucleases has been conserved through billions of
years of bacterial evolution, which pinpoints its functional relevance.
3.2. DeaD in mRNA degradation
3.2.1. Association of DeaD with the RNA degradation machinery
In addition to its association with ribosomes (Section 2.2.2), DeaD
has been found associated with RNase E, PNPase and enolase in cells
Fig. 2. Schematic representation of the 1061-aminoacid-RNase-E polypeptide that shows the positions of the binding sites for degradosome proteins. Other functionally important
regions of the CTH are shown in black; RBD and AR2 are two RNA binding regions. Adapted from [69]. Also shown below the drawing is the region required for the binding of RhlE,
DeaD and SrmB (full and dashed lines). This region has not been narrowed to the same extent as for the RhlB binding site. However, the segment 791–843 that encompasses the
AR2 region (full line) is clearly required for the binding of RhlE, DeaD and SrmB, but not RhlB [78,79]. Therefore, the two binding sites are clearly different.
Fig. 3. Effect of removing deaD on the stability of mRNAs and RNA fragments (I.I.,
unpublished). (A) β-galactosidase activity from ENS134 cells [136] or their ΔdeaD de-
rivatives at various temperatures. These cells synthesize the PT7-lacZ mRNA, which is
degraded by RNase E and PNPase. Variations in the β-galactosidase activity reﬂect var-
iations in mRNA stability, as seen on Northern blots (not illustrated). (B) Schematic
drawing of RNAI+31, an RNAI derivative with an extra 31 nt at its 5′ extremity [95].
“RNase E” indicates the site for RNase E processing; the resulting downstream fragment
(RNAI−5) is degraded by PAP I and PNPase (see text). (C) Northern blot showing the
steady-state levels of RNAI+31 and RNA I−5 in wild-type (WT) and ΔdeaD (Δ) cells.
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associates with RNase E and PNPase in vitro: this mini-degradosome
can assist PNPase in degrading REP sequences in the presence of ATP
much like the RhlB-based complex [81]. An attractive hypothesis is
that the replacement (or reinforcement; see below) of RhlB by the pre-
sumably stronger helicase DeaD allows the degradosome to cope with
the more stable RNA structures that exist in the cold (see Section 5).
The binding site of DeaD on the CTH of RNase E has been approximately
mapped in vitro; interestingly it does not coincidewith the RhlB binding
site [78] (Fig. 2). Since RhlB is still found in the complex even at 15 °C,
it is possible that the “cold-shock degradosome” harbors both helicases
together; alternatively there may be two exclusive degradosomal pop-
ulations that exist in the cold, where one carries RhlB and the other
DeaD [81]. Finally, like other E. coli DEAD-box proteins, except DbpA,
the puriﬁed DeaD has been shown to bind PAP I in vitro [91].
3.2.2. Role of DeaD in mRNA decay
Besides interacting in vitro and in vivowith the RNA degrading ma-
chinery, DeaD also clearly affects the degradation of certain mRNAs,
particularly in the cold. During a cold-shock, the mRNA encoding
CspA, the major cold-shock protein, is markedly stabilized when DeaD
is absent or inactivated [50]. At low temperature, the absence of deaD
also stabilizes a chimeric rne-lacZ mRNA [81] as well as the PT7-lacZ
mRNA (Fig. 3A); the degradation of these mRNAs is controlled by
RNase E and by both RNase E and PNPase, respectively [92,93]. Finally,
the absence of deaD also affects the 3′→5′ exonucleolytic degradation
of fragments. RNA I from ColE1 plasmids is a small, unstable RNAmole-
cule whose degradation has been extensively studied [94]. After an ini-
tial cleavage by RNase E, the processed product (RNAI−5) is rapidly
degraded by PNPase and PAP I [94,95] (Fig. 3B). In the absence of
deaD, there is a signiﬁcant accumulation of RNAI−5, which indicates
that the PNPase–PAP I pathway becomes less efﬁcient (Fig. 3C). Con-
ceivably, all these effects could be attributed to the participation of
DeaD in the “cold-shock” degradosome or to its interaction with PAP I
(see Section 4.3). However, alternative interpretations exist. As discussed
in Section 4, translation is clearly impaired inΔdeaD cells, and one cannot
exclude the possibility that the defects in RNA degradation stem indi-
rectly from the defect in translation. Indeed, when protein synthesis is
inhibited by drugs such as chloramphenicol or kasugamycin, RNase E
and PNPase become saturated with rRNA that cannot associate with
r-proteins, which results in a global stabilization of mRNAs [95,96]. A
similar effect may be at work in the absence of deaD. Only in vitro deg-
radation studies with puriﬁed components and model substrates, such
as RNAI, could rule out this provocative proposal and establish that
DeaD really affects mRNA stability directly.
3.3. SrmB and RhlE only play modest roles, if any, in mRNA degradation
3.3.1. SrmB
Like DeaD, SrmB interacts with PAP I and with the CTH of RNase E
in vitro [78,91]. Pull-down experiments from cells grown at 37 °C inrich medium have shown that PAP I co-puriﬁes with SrmB, Hfq,
RNase R, the DEAH-box protein HrpA, and all the core degradosome
proteins [97]. Although several PAP I-containing complexes may be
present, the authors propose the existence of a degradosome subpop-
ulation carrying all these proteins together [97]. Anyway, it is clear
from these observations that SrmB can interact with the mRNA degra-
dation machinery in vivo and in vitro. Now the question is, do these
interactions affect mRNA decay? Years ago, we found that, when
overexpressed at 37 °C, SrmB (and DeaD) can stabilize certain mRNAs,
and particularly the PT7-lacZ mRNA [63]. Based on subsequent work,
we can now propose a plausible interpretation for this stabilization.
The PT7-lacZ mRNA also can be markedly stabilized by removing
amino acids (aa) 728–845 from the CTH [76], presumably because it is
degraded via a pathway called “internal entry” or “direct entry” that re-
quires this region of RNase E ([98–100]; see [101] for discussion).
Interestingly, the binding site of SrmB, DeaD and RhlE on RNase E has
been mapped to the same region (aa 694–843; see [78] and Fig. 2).
We hypothesize that by binding to this region of the CTH, the
overexpressed SrmB or DeaD inhibit internal entry and hence stabi-
lize the PT7-lacZ mRNA. A similar explanation has been put forward
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stabilizes the PT7-lacZ mRNA [100]. However, these effects were ob-
served after overexpressing SrmB at 37 °C; at its endogenous expres-
sion level, this protein has never been implicated in RNA processing or
decay. For this reason, we prefer to regard it as a pure ribosome assem-
bly factor. Consistently, most or all of the SrmB pool is found associated
with 50S precursors [25,28].
3.3.2. RhlE
RhlE also interacts in vitro with PAP I and with the CTH of RNase E
[78,91]. Like for DeaD (see Section 3.2.1), an RhlE-based degradosome
can be reconstituted from the puriﬁed components: within this com-
plex, PNPase can degrade REP sequences in the presence of ATP, much
like with the DeaD-based complex or the genuine RhlB-based complex
[78]. Interestingly in this respect, the degradosome isolated from the
cold-adapted γ-proteobacterium P. syringae contains a close homolog
of RhlE ([85]; see Section 3.1.3). However, no effect of RhlE upon
in vivomRNA stability has been documented so far.
4. DeaD: a multifunctional protein?
As seen above, DeaD is unique among E. coli DEAD-box proteins in
having a clear impact on both ribosome assembly and mRNA degra-
dation. Less documented effects on other aspects of mRNA metabo-
lism also have been reported, and they are described here. We end
by discussing whether the cold-sensitive growth defect of ΔdeaD
cells arises from the impairment of ribosome assembly, mRNA degra-
dation or both.
4.1. DeaD and RNase E: additional, unexpected links
Recently, an intriguing observation was reported that obviously
cannot be explained by the involvement of DeaD in the cold-shock
degradosome. S. Cohen and his collaborators found that cells lacking
the essential RNase E protein could be rescued by removing or
inactivating DeaD at 37 °C [102]. Rescue was only partial – the rne
deaD double mutant grew extremely slowly – and it required the
presence of RNase G, which is normally a non-essential paralog of
RNase E. Since the reason for the essential role of RNase E is contro-
versial [103], this observation is difﬁcult to interpret. Interestingly,
Anupama et al. recently showed that the essential role of RNase E
was also bypassed in mutants deﬁcient in Rho-dependent transcrip-
tion termination. They hypothesized that this deﬁciency favors the
formation of R-loops whose cleavage by RNase H offers an alternative
route to mRNA decay in the absence of RNase E [101]. Along the same
lines, S. Cohen and colleagues propose that, by unwinding RNA–DNA
hybrids and thus destabilizing R-loops, DeaD could disfavor this alter-
native decay pathway [102]. This hypothesis needs to be substantiated
with biochemical data.
4.2. DeaD and translation
Next, we discuss a possible role of DeaD in translation initiation.
Golshani and colleagues reported that at low temperatures DeaD
was required for translation initiation from artiﬁcial Translation Initi-
ation Regions (TIRs) carrying inhibitory secondary structures [104].
Similarly, Bläsi and colleagues found that under the same conditions
DeaD was necessary for translation initiation from the rpoS mRNA,
whose Shine–Dalgarno element and start codon are paired with up-
stream mRNA regions [105] (see Kaberdin and Bläsi, this issue).
However, these effects must be TIR-speciﬁc, because translation ini-
tiation from structured alleles of the galE and lamB TIRs (see [106] for
details) is not adversely affected in ΔdeaD cells, even at tempera-
tures as low as 18 °C (I.I., unpublished). The case for a participation
of DeaD in translation initiation in the cold would be strengthenedif part of the DeaD cellular pool were shown to bind to 30S subunits
(see Section 2.2.2).
4.3. What causes the growth defects of ΔdeaD cells?
Since bothmRNAdecay and ribosome assembly are clearly impaired
in ΔdeaD cells, one may wonder which of these defects is mainly re-
sponsible for the cold-sensitive growth of these cells. The growth defect
is more severe for ΔdeaD cells than for ΔsrmB cells, whereas the defect
in polysome proﬁle appears milder. On this basis, we and others
have suggested that the growth defect of ΔdeaD cells stems principally
from impaired mRNA decay [6,50]. This conclusion was further sup-
ported by the ﬁnding that this growth defect can be rescued by
overexpressing the exonuclease RNase R [50]. However, subsequent
work has weakened these arguments. Mutants of RNase R lacking the
RNase activity can still suppress the ΔdeaD phenotype [107]. Moreover,
experiments by Remme and colleagues have revealed that in ΔdeaD
cells the formation of active ribosomes at 25 °C was considerably
slowed (4-fold) compared to wild-type cells, and that it involved a sig-
niﬁcant proportion of the generation time [44] (see also Section 2.2.2).
Moreover, most of the free 50S subunits present in these cells are inac-
tive. Interestingly in this respect, we observed that the 50S subunits
from ΔdeaD cells sediment slightly slower than their counterparts
from deaD+ cells [49]. Moreover, even active ribosomes may not be
fully functional in ΔdeaD cells. We have observed that both at 30 °C
and 22 °C the synthesis of the β-galactosidase polypeptide takes
20–30% longer inΔdeaD cells than in wild-type cells (I.I., unpublished).
Altogether, it appears that in spite of the seemingly mild alteration of
their polysome proﬁle, ΔdeaD cells suffer from a reduction in both the
quantity and the quality of their active ribosomes, which seems more
than enough to affect growth. Now, do the defects in mRNA decay
also contribute to the retarded growth of these cells in the cold? The an-
swer is not known andmay depend upon the exact growth conditions –
i.e., transient adaptation after a cold-shock or steady-state growth in
the cold – and upon the genetic background.
As concerns cold shock, it has been proposed that the progressive
destabilization of the cspA mRNA that occurs at the end of the accli-
matization phase is necessary for growth resumption [108,109]. By
stabilizing this mRNA [50], the removal of deaD could therefore delay
this resumption; to our knowledge, this prediction has not been tested.
As concerns the genetic background, we have observed that the
removal of PAP I, or the introduction of the RNase E mutation rne-1
(also called ams), considerably worsens the growth defect of ΔdeaD
cells in the cold ([81]; I.I., unpublished). The rne-1 mutation [110] af-
fects a region of the N terminal half of RNase E implicated in RNA bind-
ing (the S1 motif; see [111]). By themselves, these mutations have
little (Δpap1) or no (rne-1) effect on growth in the cold. As detailed in
Sections 3.1.1 and 3.2.1, RhlB in the degradosome (and by inference
DeaD in the cold-shock degradosome) helps PNPase to degrade struc-
tured fragments, a result that can be bypassed by a PAP I-assisted
exonucleolytic pathway; moreover, RhlB (or DeaD) also helps RNase E
to access structured cleavage sites. Therefore, an attractive hypothesis
is that in the cold and in the absence of PAP I, the degradation of struc-
tured fragments becomes completely dependent upon DeaD; similarly,
in the rne-1mutant, theRne-1 polypeptide, beingdefective in RNAbind-
ing, might heavily depend upon DeaD for cleavage. Thus, in ΔdeaD
Δpap1 or ΔdeaDrne-1 cells, RNA metabolism could be compromised to
the point that growth is severely affected. Under these circumstances,
the role of DeaD in mRNA degradation would be important for viability.
Incidentally, we found that the defect in the ribosome proﬁle of ΔdeaD
cells also is greatly aggravated by the rne-1mutation (I.I., unpublished),
perhaps due to an imbalance in the supply of r-proteins created by
the stabilization of mRNAs.
Thus, during a cold-shock or in the presence of the Δpap1 or rne-1
mutations, the absence of DeaD may impact growth by affecting
mRNA stability. However, there is no indication that this is the case
873I. Iost et al. / Biochimica et Biophysica Acta 1829 (2013) 866–877for pap1+,rne+ cells growing steadily in the cold. It has been ob-
served that the deletion of the CTH, which should prevent the interac-
tion of RNase E with DeaD and thus the formation of the “cold-shock
degradosome” [78], only yields a very mild cold-sensitive phenotype
[84,108], in spite of a massive mRNA stabilization [75]. Perhaps the
mild growth defect associated with the CTH deletion in the cold, puts
an upper limit to the growth defect than can be expected from the sta-
bilization of mRNAs following deaD removal.
5. DEAD-box proteins and growth in the cold
As seen in the preceding paragraphs, the absence of the E. coli
DEAD-box proteins DeaD and SrmB causes cold-sensitive growth
phenotypes. In this section, we show that this behavior is widespread
among bacterial DEAD-box proteins, and we argue that it is related
to the physiological functions of these enzymes. The ﬁeld has been
reviewed recently [112], and the reader is referred to this review for
complementary information.
The terms “cold” or “low temperature,” which appear repeatedly
here, do not refer to absolute temperature values but vary with the
bacterium considered. Each species is characterized by a “normal”
temperature rangewhere growth increases smoothlywith temperature,
whereas it decreases abruptly above or below this range [113]; “cold”
then refers to temperatures from the lower edge of this range down
to the minimal value still permitting growth. Thus, for the mesophilic
bacterium E. coli B/r, the normal range extends from 21 °C to 37 °C
[113], and “cold” usually means temperatures below 25 °C and down
to 8 °C, which is the minimal temperature for growth. In contrast, for
the cold-adapted (“psychrophilic”) Pseudomonas species 21-3c, the nor-
mal range extends from2 °C to 25 °C and “cold” canmean temperatures
down to 0 °C or less [114].
5.1. The interplay of DEAD-box proteins and low temperature growth
The following examples illustrate the importance of DEAD-box
proteins for low temperature growth throughout the bacterial phylo-
genetic tree.
5.1.1. E. coli
None of the ﬁve E. coli DEAD-box proteins is required for fast
growth at 37 °C. Only the deletion of the deaD gene causes a modest
growth retardation in rich medium that is not further aggravated
by the combined deletion of all remaining DEAD-box genes [26].
In contrast, below 30 °C, the absence of either deaD or srmB pro-
gressively impairs growth, with ΔdeaD having the strongest effect;
conversely, in wild-type cells, these proteins, which are almost
undetectable at 37 °C, become more abundant as the temperature de-
creases (Sections 2.1 and 2.2.2). The absence of DbpA, RhlE, and RhlB
has no effect on growth even at low temperatures (see Sections 2.2.1,
2.3 and 3.1.1). However, the removal of any of these proteins from
ΔsrmBΔdeaD cells slightly aggravates the cold-sensitivity of these cells,
with the removal of DbpA having the most notable effect. Moreover,
cells lacking all DEAD-box proteins grow slightly slower in the cold
than cells carrying either RhlE, DbpA, or RhlB as a sole DEAD-box protein
[26]. These effects are small and of borderline signiﬁcance; nevertheless
we can speculate that these three proteins do play important functions
in the cold that aremasked because they aremore efﬁciently fulﬁlled by
DeaD and/or SrmB. Only when the latter proteins are absent would
these functions become apparent. Consistently, the overexpression or
removal of rhlE impacts the phenotypes of ΔdeaD and ΔsrmB cells (see
Section 2.3). Along these lines, it would be worth testing whether the
overexpression of DbpA and RhlB corrects the cold-sensitivity of
ΔdeaD or ΔsrmB cells, respectively. Indeed, the C-terminal region of
DbpA is phylogenetically related to that of DeaD, and RhlB and
SrmB are presumably the result of an ancient gene duplication
event [6,8]. To our knowledge, such tests have not been reported.5.1.2. B. subtilis and ﬁrmicutes
The four DEAD-box proteins from B. subtilis also have been well
studied with respect to growth in the cold. The deletion of either cshA,
cshB or yfmL leads to a cold-sensitive growth. Interestingly, a strain
deleted for all four DEAD-box proteins, while unable to grow at 16 °C,
remains viable at 37 °C [57], much like in the case of E. coli [26]. Cold
adaptation also has been thoroughly investigated in the closely re-
lated species B. cereus, which includes several psychrotolerant or
psychrophilic strains. Here again DEAD-box proteins play an important
role at low temperatures: all ﬁve DEAD-box genes in B. cereus are
overexpressed in the cold, and three of them are essential under these
conditions [115]. The same holds true for the related bacterium Listeria
monocytogenes: its four DEAD-box genes are overexpressed at low tem-
peratures, and three of them are essential to growth in the cold [116].
Finally, in S. aureus, inactivation of the cshA DEAD-box gene also results
in cold-sensitive growth [117].
5.1.3. Other bacteria
The conclusions that emerge from the above studies – i.e., that cer-
tainDEAD-box proteins are overexpressed in the cold and inmany cases
the absence of even a single DEAD-box protein causes cold-sensitive
growth – are not limited to proteobacteria and ﬁrmicutes, but they
also hold true in cyanobacteria [118,119] and even archea [120,121]. Re-
markably, DEAD-box proteins seem equally central for cold-adaptation
of hyperthermophilic [121], mesophilic (see above) or psychrophilic
bacteria [122,123].
5.2. Why are DEAD-box proteins needed at low temperatures?
Here, we discuss how the possible biological functions of these
proteins may explain their particular importance at low temperatures.
5.2.1. The RNA kinetic problem and its exacerbation in the cold
It is now well established that the proper folding of RNA molecules
and the dynamic transitions between RNA conformations are of central
importance in all kingdoms of life [124]. Yet, both in vitro and in vivo,
RNA molecules are prone to be kinetically trapped into misfolded
conformations separated from the native ones by high-energy bar-
riers. Similarly, the interconversion of structures that occur during
the normal functions of RNA molecules (riboswitches, alternative base-
pairings in splicing intermediates, etc.) also can be very slow in the
absence of catalysis. This kinetic problem participates in the more gen-
eral “RNA folding problem”, which refers to the difﬁculty for an RNA
molecule to adopt its active conformation [125].
The kinetic problem of RNA folding is dramatically aggravated
at low temperatures. The physical basis for this aggravation is well
known: RNA secondary and tertiary structures are mainly stabilized
by cooperative polar interactions (as opposed to proteins where hy-
drophobic forces are important) whose breaking is characterized by
high activation enthalpies. Consequently, the dissociation of these
structures is drastically slowed at low temperatures. As an example,
we have observed that the spontaneous dissociation of a 9 base-pair
RNA duplex whose stability is typical of many helices from natural
RNAs, occurs in less than 1 min at 37 °C but in about a year at 10 °C!
However, this value is brought back to theminute range in the presence
of the E. coli DEAD-box protein RhlE [82].
The information available on the function of bacterial DEAD-box
proteins suggests that they accelerate structural rearrangements of
RNA also in vivo, particularly in the cold.Within the E. coli degradosome,
RhlB is thought to unwind secondary structures to facilitate the action
of PNPase and RNase E (see Section 3.1.1). At high temperatures, this
unwinding reaction could be driven by thermal energy only, but it
will then be dampened as the temperature drops: the lower the tem-
perature, the more important the assistance of RhlB. Moreover, RhlB
may only be good enough at intermediate temperatures; in the cold,
it is replaced (or reinforced) by the presumably more active helicase
Fig. 4. Cold adaptation of RhlE of psychrophilic origin: a plausible mechanism. (A) Se-
quence alignment of RhlE orthologs from four γ-proteobacteria, i.e., two mesophiles
(E. coli (Ec) and Shewanella amazonensis (Sa)) and two psychrophiles (P. haloplanktis
(Ph) and Colwellia psychrerythraea (Cp)) around the motifs Ib and Ic that are mainly
responsible for distorting the RNA substrate (for the current nomenclature of the DEAD-
box motifs, see [137]). Stars indicate residues that contact the RNA in a variety of DEAD-
box protein structures [77,127–130]. Note that two of these residues, shown in red and
dark blue, respectively, differ betweenmesophilic and psychrophilic RhlEs. (B) Struc-
tures of RhlE Ec (orange) and RhlE Cp (light blue) showing how lysine 119 from
the psychrophilic enzyme (dark blue) can base pair (dashes) with the distorted
RNA (yellow), thereby helping to destabilize RNA duplexes. No such interaction ex-
ists for the corresponding residue (serine 114, red) from the E. coli enzyme. The struc-
tures were modeled on the Vasa structure (PDB ID: 2DB3) with the help of the
geno3D software. Image was drawn with PyMOL.
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function has been well documented is the E. coli protein SrmB, which
acts on a subdomain from domain II of 23S rRNA. According to our
current model, SrmB would behave either as a chaperone favoring the
exchange between different conformations of this subdomain or as a
clamp stabilizing the correct conformation until it can be stabilized by
the binding of r-proteins ([29]; see Section 2.1). It is easy to envision
that at high temperatures misfolded conformations can revert to the
correct one with the help of thermal energy only, but that in the cold
they could become kinetically stable. The presence of SrmB would then
be essential in order to facilitate the conformation exchange and/or
orient the initial choice towards the correct conformation.
5.2.2. Psychrophilic DEAD-box proteins
The kinetic problem of RNA folding is obviously most severe for
psychrophilic bacteria, which can grow at 0 °C or below. Recently,
we compared the enzymatic properties of two E. coli DEAD-box pro-
teins (RhlE and SrmB) with their orthologs from two psychrophilic
γ-proteobacteria [82]. As observed with many other psychrophilic
enzymes [126], psychrophilic DEAD-box proteins proved more efﬁ-
cient catalysts than their mesophilic counterparts at low temperature,
probably reﬂecting the lifestyle of their host bacteria. This holds true
for the ATPase activity of SrmB and for the helicase activity of RhlE. In
the latter case, besides factors classically invoked to explain the higher
efﬁciency of psychrophilic enzymes (e.g., a higher ﬂexibility of the ac-
tive site [126]), another interpretation more speciﬁc to DEAD-box pro-
teins can be put forward. This interpretation is based on the currently
proposed mechanism for RNA unwinding by DEAD-box proteins.
Brieﬂy, upon binding ATP, the protein sterically distorts one strand of
the RNA duplex, preventing it from adopting a fully double-stranded
structure [77,127–130]. Presumably, it is this distortion that drives
duplex unwinding. Besides the conserved motifs Ib and Ic, a few non-
conserved residues located immediately downstream of these motifs
are likely to participate in RNA distortion, as seen on the crystallo-
graphic structures of eIF4AIII [127], Mss116p [128] or DDX19 [130]
(Fig. 4A). Strikingly, some of these residues differ between themesophilic
and psychrophilic RhlEs; in the latter, the change would stabilize the
distorted RNA structure, explaining the higher helicase activity (Fig. 4A,B)
[82].
6. Conclusion and perspectives
Almost all yeast DEAD-box proteins are essential for growth. Why,
then, are bacterial DEAD-box proteins generally dispensable, except
in the cold for some of them? Studies on E. coli DEAD-box proteins
give us the clue: these proteins participate in reactions that are redun-
dant with other pathways and can easily be bypassed. For instance,
in the absence of DeaD, the 50S subunits can assemble – although
inefﬁciently – through a non-natural 40S ribosomal intermediate
([44], Fig. 1). DbpA participates in a late step of 50S assembly that is
so easily bypassed that its removal is inconsequential; only a mutation
that knocks down the ATPase activity affects ribosome assembly, pre-
sumably because assembly is then forced into a DbpA-dependent
pathway that cannot be completed (see Section 2.2.1). That in vivo ribo-
some assembly proceeds through parallel pathways is nowwell doc-
umented for the small subunit [131–133], and this may also hold
true for the large subunit as well. Similarly, RhlB in the degradosome
(and, by inference, DeaD in the cold-shock degradosome) is dispens-
able for degrading structured fragments because an alternative, PAP
I-mediated-pathway exists (see Sections 3.1.1 and 4.3). Due presumably
to these redundancies, E. coli cells lacking all ﬁve DEAD-box proteins
are viable, even at a temperature as low as 25 °C [26]. In contrast,
most eukaryotic DEAD-box proteins presumably participate in
pathways that cannot be bypassed, hence their essentiality. This seem-
ingly risky behavior may be a consequence of polyploidy, which
reduces the probability of null mutants.Much of what has been learned about the function of bacterial
DEAD-box proteins will presumably apply to DEAD-box proteins
from other sources. Although many points remain obscure, the mo-
lecular role of SrmB in ribosome assembly is comparatively well un-
derstood. In vitro approaches are now needed to uncover what
SrmB really does to the subdomain of 23S domain II on which it acts
(see Section 2.1). DeaD is archetypal of a DEAD-box protein with mul-
tiple functions, participating in a large variety of processes, i.e., as-
sembly of 50S and perhaps 30S subunits, mRNA degradation at low
temperature, and possibly translation initiation and elimination of
R-loops. This behavior may be widespread in eukaryotes (for instance,
the yeast protein Dbp2 participates in processes as diverse as transcrip-
tion, ribosome biogenesis, and nonsense-mediated decay [134,135]).
Like SrmB, which is brought to 23S rRNA through its interaction with
L4 and L24 (see Section 2.1), DeaD is presumably recruited to its multi-
ple RNA substrates through interactionswithmultiple speciﬁc partners.
Except for RNase E, these partners are currently unknown, as are the
regions of the DeaD polypeptide that interact with them. However,
the notion is emerging that in DeaD, and perhaps in most bacterial
DEAD-box proteins as well, these regions lie in the helicase core;
DbpA, whose speciﬁcity resides in the C-terminal extension, may be
the exception rather than the rule. Indeed, DeaD or SrmB polypeptides
lacking the C-terminal extension are still partially functional in vivo
[28,50,51]; moreover, sequence signatures that deﬁne SrmB orthologs
875I. Iost et al. / Biochimica et Biophysica Acta 1829 (2013) 866–877are conﬁned to the helicase core [28]; and ﬁnally RhlB has been shown
to bindRNase E through the helicase core rather than the C-terminal ex-
tension [79]. Altogether, we still only glimpse the mechanism of action
of DEAD-box proteins and the origin of their speciﬁcity. These issues
constitute obvious avenues for future research.Acknowledgements
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